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FOREWORD

Starting from the expression for the cooperative ionization energy loss by

a pair of relativistic particles, a formula is derived for the beam-density

effect on ionization energy loss for a finite length beam with a Gaussian radial

profile. As an example, this formula is evaluated for a 50 MeV, 10 KA electron

pulse of one meter length interacting with weakly ionized nitrogen. In this

case a large beam-density effect on energy loss was obtained and its dependence

on the ionization state of the medium was demonstrated. The relationship of

this formulation of energy loss with previous single-particle and beam-plasma

loss concepts is discussed.
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CHAPTER 1

INTRODUCTION

The application of charged particle beam drivers to inertial confinement

fusion has spurred interest in the study of energy deposition by intense beams

in extreme states of matter. Enhancement of energy deposition by beams has been

predicted on the basis of various modifications of single-particle energy

deposition theory, for example: collective beam-target interactions, finite

target temperature effects, and beam stagnation in the target. A review of

these-top4cs has been given by Toepfer. Observations by Imasaki et a.23

have shown that eiihanced deposition by electrons occurs in thin targets and that

there is a strong dependence Of-0_1e effect on target material. They have

suggested that the observations are explained by the collective interaction of

the beam with the target. Recently an experiment and calculation by Young et

4
al. have demonstrated enhanced energy deposition by a deuteron beam in thin

targets. The calculation indicates that the enhancer it is caused by the free

target electrons which are ionized by the early part of t' aam pulse. Another

example of increased energy deposition is the observation by Kiselev et al. 5

of the range shortening for a 2 MeV, 1A beam in air. They proposed that a

collective interaction of the beam with the plasma that it generates could

explain this result.

nI
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McCorkle and lafrate6 have suggested that single-particle energy

deposition theory should be augmented with a beam-density term when intense

beams interact with a plasma. The beam-density effect has its origin in the

theory of stopping power of molecular ion clusters, given by Brandt, Rathowski,
7-9

and Ritchie, which is in turn closely connected with wakes induced in the

conduction electrons of solids.10- 12 McCorkle and Iafrate 6 modified the

nonrelativistic molecular cluster theory7 so that it contained a characteristic

relativistic screening length and used the result to estimate the beam-density

contribution to energy loss by relativistic beams in a plasma. They found that

the effect could be quite large relative to single-particle energy loss.

McCorkle and Cox13 have investigated the relationship between these beam
14-18

concepts and ohmic loss and return currents.

A detailed derivation of energy loss by clusters of relativistic particles

19 20
has been given by Rule and Cha, which includes the Fermi density effect, and

which reduces to the nonrelativistic theory in the appropriate limit. Recently

Rule and Crawford2 1 have shown that the nonrelativistic energy loss expression

for a cluster contains long-range dipole-like terms and that this results in a

beam-density effect which depends on the beam shape in an essential way.

The present paper contains a detailed theory of the beam-density effect for

finite relativistic beams, starting from the results of Reference 19. An

example based on this theory is given for a 50 MeV, 10 KA pulse of electrons

interacting with weakly ionized nitrogen. It is shown that the beam-density

effect results in a large enhancement of energy loss for the regime of beam and

medium parameters studied. Finally a brief discussion of the relationship of

this effect to other related phenomena is given.

2
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CUAPTER 2

CALCULATION OF THE BEAM-DENSITY EFFECT FOR A FINITE BEAM PULSE

THE INTEGRATION OVER THE BEAM DISTRIBUTION FUNCTION

In Reference 19 a general formula for the coherent, cooperative energy loss

by a relativistic pair of particles was derived. The case of v-*i parallel to

V., but v. v. was given, where v. and v. are the velocities of the particles.

For the special case in which V. - . - V, a simpler result was obtained (see1 J

Equation (3.33) of Reference 19), namely

W(=,b) ZZe 2 (2 Re f idv v cos p 1 (l-fS2 c(v))

bp v 1-0 1/2 !

x (2.1)

aw v 1/2KO amP (1-82c) 12 b<a
v

The quantities Z.e and Z.e are the charges of the particles; w2  4vne 2/m,I 3 P

where n is the total number of medium electrons per unit volume, both bound and

free, and a is the electron's mass; v is the frequency in units of w ; ¢(V)

is the dielectric function of the medium; and B - v/c. The coordinates z and b

are the magnitudes of the components of the vector Rij from particle i to

particle j, such that s is parallel to V and b is perpendicular toV. The

3
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quantity "a" in (2.1) is the minimum impact parameter which may be suitably

chosen to take into account, to a good approximation, the close collision

portion of the energy loss. 19  The modified Bessel function K 0(Z) appears in

(2.1). For the special case of particles traveling in a line parallel tot*, an

analytic expression for (2.1) has been obtained.
20

The limiting case in which z-0 and b*0 in (2.1) gives

W(0,O) - 2 Z iZS, (2.2)

where

-- f i d v v ( B 2 ) K O )- •
)2 0Re (2.3)

This is the usual expression for the ionization energy loss per unit length of a

relativistic particle of unit charge, including the Fermi density effect.
2 2

Using (2.1) and (2.3), one can write the expression for the total

ionization energy loss of a pair of particles separated by the distance Rias

W ('..) _ zs + z2s + W(z,b). (2.4)' 3 1 .1

In the limit Rij-0 one obtains, using (2.2),

2 2

lim W( ij) = ZiS + ZjS * 2ZiZjS (Zi + Zj)
2S, (2.5)

Rij@O

4

~
4

i l~*
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i.e. the energy lose for a particle of charge (Z. + Z.)e.I J

With reference to (2.4), the total energy loss of particle i can be written as

W. zs * j+(zb), (2.6)

and similarly for particle j.

If, instead of two particles, a beam of particles is considere t,.en the

total energy loss per unit length by the ith particle in the beam C be

written, in analogy with (2.6), as

;_ s - + (2.7)

where

* 2w

W . dz dO f dbb p(z,b)W(z,b) . (2.8)
-B 0 0

The factor of 1/2 is (2.6) and in (2.8) avoids double counting of the

cooperative terms. The assumption implicit in (2.8) is that, having singled out

the ith beam particle, the remainder of the beam is treated as a contimum of

charge, i.e. a charged fluid of density P(z,b).

In order to proceed further, the form of p(zb) is specified as

bo2

p(z,b) - n e O(z+l,1 )O(L2-z) (2.9)B

5i
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Thus a beam having a step function W0(z)1 head ,nd tail and a Gaussian radial

profile will be considered in order to illustrate the properties of the

beam-density effect. L2 is the distance from the particle of interest to the

beam's head and L is the distance to the tail. The particle is assumed to be

on axis. Setting Z.-Z. and using (2.1) and (2.9) in (2.8), WB becomes

L2 2v tb0 \2

WB = 2e2 (.) 2n f 2  2w f de f b b e r)2 Re fidv v cos 

-L1  0 0 0 ) C(V)

x (l- 2 E(v)) KO .. v (l-t2c(v)) 1 (2.10)

Next, the order of the frequency and space integrals is interchanged. This is

permissable since the integrand is uniformly convergent for finite z and h. The

z-integration yields

L2

Cos ) dz p-v  [sin v L + sin ( L .2)] (2.11)
-Ll"='

The b-integration is23

-a(b/b0)
2  

b2  (b/2B)2  [/b \2db b e Ko(b/B) -o e El (2.12)

0 f4

where El(Z) is the exponential integral function, and

B-1 =- W p (I-132c) 1/2 (2.13)

6
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The correction to the integral for b < a, Equation (2.1), has been neglected

since it is small. The 0-integration gives a factor of 2w.

Using (2.1l)-(2.13) in (2.10), WB becomes

W M~ 2 0 - Re f(dvi1 (1-812(v))e( 2v) El-~c -/b.2 e -2
B 2 v 0 =[ .2, v,]

rw ~L v iw Lv -iw Lv -ia L v
I _p P (2.14)

xL v v -e v e v

THE FREQUENCY INTEGRATION

At this point the form of the dielectric function must be specified. The

Lorentzian dielectric function of the form

(V) - 1 + E1 (2.15)
i(l v2-2i. -v 2

I I

is chosen. In (2.15), the v. are the eigenfrequencies of harmonic oscillators1

which are given values to correspond to atomic transitions, and the n i are the

damping coefficients, or the half widths of the atomic transitions. The

oscillator strengths f. are chosen to equal the fraction of an atom's electrons1

in a subshell. For conduction electrons v. 0 and 2n. is the plasmon linea a

width in solids or the collision frequency in a plasma, all in units of w . In
P

short, the parameters in c(v) are chosen phenomenologically to represent the

dielectric properties of various media.

t

iU
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Folloving the method developed by Sternheimer 24 in his calculations of

the Fermi density effect,

i l L2 -2in.v-v 2  (2.16)

where Z 2v 2 + f.. The Sternheimer factor P is chosen so that the
i i i

value of the Bethe logarithm, InI, obtained in non-relativistic experiments, is

reproduced by

N

;1: filn(ti1Kwp) = l. (2.17)

Defining

2  .1 /
2  2 2 1/2 (2.18a)

Gi -in j + (z j-nj) ,i 0 -inj (t ij~ j

and

2 2 1/2 2 2 1/2 (2.18b)
-j" -i[nj-(nj-Lj) ], Bj - -i[nj (n 1 -t ) ,

Equation (2.16) can be rewritten as

Nf.

C l(V) 1 + (2.19)
(v-uj).V-Sj)

-1-

therefore C-1 (v) has poles at v-a. and vOI. in the lower half complex

v-plane.

8
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In order to accomplish the frequency integral of Equation (2.14), two

contour integrals will be performed, one in the first quadrant and one in the

fourth quadrant of the complex v-plane. Therefore, the following integrals

are defined:

Av2 (1- 2 ) 2eiBIv iB2  ]

1(C+) : dv 1 (1-82c) e E1 (A v
2(1- 2 e + ef (2.20)

C.

A2 082 C)-iBiv -iB 2 v]22

l(c..) U J dv 1 (1-826) e El (A v2 (1-g2c, L + (22e

C-

where

A - \ 2,' (2.22)

Bl a and B2 2 (2.23)
v

Refering to Figure 1, the integral around the first quadrant is I(C+)=O so that

I(C1) -t(c3) - 1(C2). (2.24)

N

The integral around the fourth quadrant is I(C-) -2vi , Rj, where the
ji

Rj are the residues of the poles of e-(v). Therefore,

I(CS) --2ui ± R (C4) - (C5) - 1(c6) -I(C 7). (2.25)

jal

' " .. . I I I I I I S II I I I •9
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IImo

Es

C32
c.t 00 C 2

------- clRe P
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-if-

CC4

FIGURE 1. THE CONTOURS IN THE COMPLEX FREQUENCY PLANE USED TO
EVALUATE 1(C4) AND (q.), EQUATIONS (2.20) AND (2.21)

10
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Using (2.24) and (2.25) in (2.14), one may write WB as

WB b _ 2 e.2 Re [I(CI) + 1(C8)]. (2.26)

The contour integrals required to evaluate 1(C 1) and (C8will be

discussed next. As the radii of the quarter circles for C 2 and C 4 become

infinite, 1(C 2)-00 and t(C 4 )0. Along C 3, v-iy and all the factors of the

integrand are real except dvinidy and E MZ, where

Z =- AV2 0(8 2 ). (2.27)

2 .24

There are zeros of 1-6 c on the imaginary axis , so that

1 - 8 2 cCiL+) R 0 (2.28)

defines the positions v-+it+ and v--iLA of the zeroes. Furthermore, one has

1-2 6(+iy)o Y (2.29a)

andI -B 2C(+iy)<O y<1+9 (2.29b)

which gives Z<0 for y Z, and P>0 for y<L, Hence,

9l(z)Yt (2.*30)

Taking (2.30) into account,A
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I(C3 ) = -' dy (1-82.(iy)) e Ay(l )[eBly + e -B2 YI;f CriY (2.31)
L+

and similarly

-(C5) f dy (1 - 2, (- iy)) e-Ay 2 (1_6 2c [eBlY + eB2y].7E~iy(2.32)

It can be shown that 0< t.< t_< (l-S2)-1/2.

The expression 1-B2c can be rewritten as

2N-2N

1-a2c = (1-22) jv-ijL+)(v+i.-) U (V-Zq Il (v 1 )(vU -Uj(3

L q=l 3 J (2.33)

where the factors in the numerator give the positions of the zeroes of

1- 2C, while the poles of c are given by the U.'s. With the exception of

i+, all the zeroes occur in the lower half plane, as do the poles which are at

i-inj + (v2.n2)l/2 v .nj2_ 2 1 1 jj( 
.4

- n 2 21/2 (.4

and

, [ -in (V2 - n2)1/2 (-V . a i i i"T (2.33)
3 -in. + - V2 )h/21 Vjnj

3 i .

The complex values of Z. are obtained numerically when N is greater than one.

For each pole U. in the fourth quadrant, there will be an associated zero Z.

12
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such that lia Zj = U.
8.0

In Figure 1, the contour C6 encloses the pair of points U. and Z. Since

* W(z) is defined with a branch cut from zero to -i, a cut between Z. and U. has

been introduced in Figure I such that C6 does not cross the cut. The function

a (Z) on either side of the cut differs by 2wi, where Z is defined by (2.27).

Using this result in (2.21), the contour integral (C 6 ) can be expressed as

C6) - 2-i dv 1 (1-B
2c)e Av2(1-22)[e-iB 

v  e-iB 2v

J (2.34)zi

along a path

v =Zj + rei ,  (2.35)

where

6 - tan' L e( -i . (2.36)

1Re (Uj Zj

For each pair (Zj,U.) in the fourth quadrant there will be a contribution like

I(C6).

If the dielectric function contains conduction electrons, there is a pole

of c on the imaginary axis at v=-2in , where b wp is the collision frequency

c ~ c p

or the plasmon width, as appropriate. In this case Z < 0 for y 2n c (see

Equations (2.27) and (2.30)) and again

4

13
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-(Z) -Ei(IZI) + i, y <2nC; (2.37)

I therefore,

2,,C
I(C7) . t! dy I- (1-B2c(-iy))c-(' 2f)e-B e2y

d (-iy) (2.38)

0

Note, for the case in which c contains conduction electrons lir L-_ - 2nc.1.0

The contribution to (2.25) from the residues R. of the poles of c-I at v =

a. (see (2.19)) can be written by inspection of Equation (2.21): if L >nj,

-f. AS 2 -iB a . -iS2

Rj a I e J Ej(Aaj)[e 1 J + 2 (2.39)

if .qj,

= -f. A16.12 "Isi i j I -B2113ji

Rj m (aj-j) eA I Ei(A 1j, 2 )[e e •

-A '.12  "BlI tjJ -B21 j 1

-e J Ei(AiaGj 2 )[e e • (2.40)

In the latter case the poles lie on the imaginary axis (Equation 2.18b).

All of the quantities required to evaluate (C ) and I(C8) appearing in

W,, Equation (2.26), have now been specified. I(C3), I(C5 ), I(C6) and V(C7)

have been expressed as integrals which must be done numerically. In the

nonrelativistic regime, an analytic approximation to WB has been given

previously,2 1 which agrees well with the corresponding numerically integrated

result.

14
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CR&PTER 3

NUMERICAL RESULTS FOR A RELATIVISTIC BEAM IN NITROGEN

The expression for W., Equation (2.26) has been evaluated numerically for

the case of an electron beam pulse with an energy of 50.59 MeV (B-0.99995, y -

100.0). The Gaussian radial profile parameter b0 of Equation (2.9) was taken

to be 0.1 cm and the beam density nB was 6.623 x 013 cm -3 , which corresponds to

5 2a total current of 10 KA, or a current density of 3.18 x 10 A/cm . The pulse

length was 1 meter.

The medium is characterized by the dielectric function e(v) w'ith the

parameters discussed in connection with Equations (2.15)-(2.17). Table I

contains the values used in these expressions for e(v) and -1 (v). The first

three eigenfrequencies were taken from Reference 25. A more recent set has been

given by Sternheimer and Peierls,2 6 but the ones of Reference 25 are adequate

for the present exploratory purpose. The K-shell line width was obtained fromI 27
the compilation of widths made by Krause, while the LI and L2 widths

were estimated from the formula for collisional line widths of Weisskopf as

applied in Reference 28:

f.

qj "7 , units of op. (3.2)

15
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TABLE 1. INPUT PARAMETERS TO CHARACTERIZE THE N2 MEDIUM

See Equation (2.15) for definitions. The frequencies vj and nj are in

units of w where 1w = 0.7208 ev. The gas density is 1.1652 x 10- 3

p
3/ct3 . The parameter p - 1.23, see Equations (2.16) and (2.17).

f. v. n.J J

1 0.2587 572.4 4.9 x 10- 2

2 0.2587 66.1 4.4 x 10-4

3 0.4286 43.4 1.0 x 10- 3

4 2.659x10- 5  0.0 3.63 x 10- 3

16
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The value for f4 was obtained by assuming that the N2 medium was weakly

16 -3ionized and had a free electron density of n e 10 cm , corresponding to

T 4 40.7 eV. The parameter n 4 1 in units of Wp is half the collision

frequency vc, which can be obtained from the momentum transfer cross

section, 2 9 a = 1.1 x 10-15:

Vc = nom (T=)/2 - 1.0 x 1012 sec- 1 
, (3.3)

where n is the gas density (see Table I).

According to the discussion below Equation (2.16),

f 1/ 2  5.156 3 0 (3.4)

which corresponds to a plasma frequency of

'KW4 a t4fiw n 3.716 x 10 - 3 eV (3.5)
4 4 p

for the free electron component. Note that the ratio

n4/14  0.7, (3.6)

so that the life time is of the order of the period of oscillation for this

choice of parameters.

17
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Figure 2 illustrates the results of the calculation of WBP the

beam-density effect on ionization energy loss for the particular set of

parameters discussed above. The ratio of the beam to the single particle term,

WB/S, [see Equations (2.3) and (2.7)] is plotted versus the distance from the

beam-front in centimeters. The curves shown are for a particle on the beam

axis. The single-particle energy loss S (Equation (2.3)) was calculated using

Strhie ' ehd 24  -2Sternheimer's method, 4 with the result that S-2.48 MeV/g-cm . The curves are

symmetric with respect to the midpoint of the pulse at 50 cm. The solid curve

was generated using the parameter values given in Table 1 with n = 016 cm- 3

while the dashed curve results when n - 1017 cm- 3 and the dash-dot curve was
e

obtained with n - 10i cm- 3 . As above, ne is the number of free electrons

assumed to be present in the medium through which the pulse passes as it

undergoes energy loss.

All three curves exhibit a large beam-density effect within the first

millimeter from the beam front. At the midpoint of the pulse the three cases

yield a ratio WB/S of between one and two, which is still quite significant.

The oscillatory behavior which occurs when n e - 1017 cm-3 comes from the

residues of the poles of C-1 given by (2.39). The residue terms decay

exponentially and begin to be dominated by the nonresonant terms at about 0.05

16 15 -3
cm from the beam front. When n 10 and 10 cm , the nonresonant

contribution dominates the resonant part and the oscillatory behavior disappears.

For a particle at the beam front, L2 a 0 and L1 is equal to the pulse

length, Equation (2.9). For a semi-infinite pulse, L --, then if L2 NO one

obtains WBO (see Equation (2.14)). Even for the one meter pulse studied,

WB/S 10-1 at L2 O, LMllm. This behavior provides a useful check on

18
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the numerical integrations, since the nonresonant terms calculated numerically

must cancel exactly the analytical resonant terms at L2-0 if LI= M. This test

was particularly useful in checking the case of n e=1015 cm- 3 since then n 4 > L4

and the poles of -l (M) at v=a4 and v=84 (see Equation 2.18b) lie on the

imaginary axis. Then a principal value integral is required in order to

evaluate (C7), Equation (2.38), and the results are very sensitive to the

numerical procedure used.

The results obtained for the individual contours of Figure 1 showed that

the contributions from VCC3), I(C5), and I(C6) were negligible in this example.

I(C7 ), however, resulted in the large beam-density contributions illustrated in

Figure 2. When 8<(<l, X+_10 and 1-2n4 and there will be a small contribution

from I(C3); also as I30 Zj *U. and I(C6 )0. It should be pointed out that the

parameters used to model the dielectric function E(V) given in Table 1 are based

on the ionization potentials of the subshells of nitrogen and are not suitable

for the investigation of Cerenkov radiation by beams; therefore, one does not

expect to obtain any beam-density effect on Cerenkov radiation in the present

example. By a suitable modification2 8 of E(V), the Cerenkov part of energy loss

can easily be incorporated into this treatment.

The contributions to WB from the contour integrals of Figure 1 all contain

both longitudinal and transverse field components. The transverse components

come from the singularities associated with E I(Av2(-B 2)), Equation (2.21), as

1-S2 c-0 and c- . In the limit B-0 only longitudinal contributions remain. In

Reference 21 it was shown that the longitudinal contribution from the contour
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along the imaginary axis was of a long-range, dipole-like form for the

cooperative loss between two particles. It is this long range, nonresonant

contribution which is dominant in the present calculation. The resonant part,

coming from the poles of c- () Equation (2.39) is purely longitudinal and

is a relatively short ranged term.
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CHAPTER 4

D~ISCUSS ION

The evaluation of W., Equation (2.26), and the results of the beam-density

effect calculation presented in Chapter 3 contain no approximation other than

those implicit in the models chosen to represent the medium and the beam. The

medium was characterized by a dielectric function based on the assumption of

linear response to the local Ti- field. The validity of this assumption may be

questionable near the beam-front where the fields have large, rapid variations.

The derivation of Equation (2.26) was based on a spacially non-dispersive

dielectric function, but a minimum impact parameter cut off was used (see

Equation (2.1)) to separate the region of distant collisions with small momentum

transfers from the region of high momentum collisions. This procedure has been

found to yield good agreement with two-particle vicinage function calculations

using a simple momentum dependent dielectric function in the nonrelativistic

regime (see References 9-12 and 19). After integration over the beam, the

effect of.a non-zero minimum impact parameter vas negligible.

The medium was assumed to remain in its initial state during the

interaction with the pulse. Therefore, the increase in medium conductivity

produced by the deposited beam energy has not been incorporated in a self-

consistent way with the energy-deposition calculation. The variation of ne
3e

the number of free electrons per cm 3, was given in Figure 2 to illustrate

roughly the possible effect of changes in conductivity. This first calculation
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is intended primarily to explore the basic properties and magnitude of the

beam-density effect and its relation to other phenomena rather than to be a

definitive self-consistent treatment.

The beam pulse was modeled by a charged fluid with a step function head and

tail and a Gaussian radial profile. The abrupt rise of current in this model is

somewhat unrealistic. For a more gradual current rise and fall, the values of

W. near the beam front and tail may be considerably less than those found in

the present calculation. The question of how well a fluid model simulates the

more realistic case of a system of discrete beam particles which are distributed

according to an appropriate correlation function requires further consideration

also. Note that the starting point of the present treatment was two discrete

beam particles separated by an arbitrary position vector.

Setting aside the caveats discussed above, Figure 2 shows that the

particles in a 1 meter pulse experience energy loss at a rate which is greater

than twice that of a single-particle. Near the head and tail, the loss rate for

a 50 MeV, 10KA beam of 0.1 cm radius can range over one or two orders of

magnitude, depending on the ionization state of nitrogen at I atmosphere.

Longer pulses will have a smaller proportion of their electrons which experience

a large beam-density loss. The magnitude of this loss per particle is directly

proportional to the current density. Further studies of the dependence of W B

on medium and beam parameters are underway.

In order to relate the beam-density effect as presented in the present

paper to the single-particle ionization energy loss, and at the same time to the

phenomena of ohmic loss and return currents 1,8in plasmas, a brief discussion
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of the various approaches to energy loss will be useful. The ionization energy

loss of a single particle may be considered from any of three equivalent points

of view: a) the work done on the medium by the particle's T-field, the Bohr

viewpoint, b) the work done on the particle by the field induced in the

222medium, the Landau viewpoint, and c) the Poynting flux through the surface of a

cylinder surrounding the particle's trajectory, the Fermi viewpoint. 2 2 The

equivalence of these three approaches is well known and can be proven using the

Poynting theorem. In the case of beams of particles, a similar equivalence has

been derived in Reference 19. There it was shown that the rate of change of

mechanical energy of a beam caused by the induced field of the medium is

f @ i- r-nd 3x -4w 2'Zie-vj (4.1)
dt J

where r is the total induced polarization field caused by all beam particles;

4r, '; and the beam current is 3m Zie i 041iVIt-Vi ). This expression

excludes internal transformation of beam field energy to beam mechanical energy,

which would occur even in the absence of a medium. In terms of the induced

polarization field associated with each beam particle, i-L j and one

may write 
jal

dEL z 4w Zie•i . (4.2)

In this expression the terms with i-j are the usual single-particle terms and

those with iOj are the cooperative beam terms. For the ith particle, one has
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L--i - -4wZi • -4wZieVi • , j i.(4.3

If all the beam particles are assumed to have equal velocities, v, then
-ldi
v dE /dr corresponds to Equation (2.7).

Focusing attention on the beam, one sees that (4.1) or (4.3) has the

general form of ohmic loss caused by the interaction of the induced medium field

with the beam. This is essentially the Landau viewpoint discussed above. If,

instead, the response of the medium to the beam's fields is considered, then one

has the Bohr viewpoint. Since the dielectric function used in the present

calculation includes the contribution from the conduction electrons, the Bohr

viewpoint will encompass the phenomenon of the return current induced by the

beam, as well as the polarization currents of the bound electrons. 1 These

currents are just d/dt.

In the present calculation it was found that the dominant beam-density

effect comes from the nonresonant, low frequency contribution to the frequency

integral of WB . This part of the effect may be identified with ohmic loss in

a plasma. However, both the resonant and nonresonant terms are required in

order to obtain the proper behavior of WB at the beam front and at a point

infinitely far from the head or tail of an infinite beam.2 1 The relation of

W(z,b), Equation (2.1), to the nonrelativistic two-particle vicinage

functions7 ,19 has already been discussed in Chapter 2. Formally, W(z,b) alsc

20vI
contains the Fermi density effect, including the Cerenkov loss term. The

integral of W(z,b) over a beam further incorporates the ohmic loss term along

with these one- and two- particle energy loss phenomena. Therefore, from a

formal point of view the present treatment includes all the various aspects of

collisional energy loss by charged particle beams in a unified way.
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